The authors present experimental measurements of the response of phosphorus donors in Silicon, in a relatively small magnetic field, to a pair of pulses of narrow--band THz radiation created by the Dutch free--electron laser FELIX tuned to a frequency near the 1s--2p+ and 1s--2p--levels of this donor. The magnetic field splits the degeneracy of the 2p+ and 2p--levels, which are degenerate in zero field. As a result, the photoresponse exhibits a splitting in frequency space, and quantum beats in the time domain. The experimental results very clearly demonstrate the splitting and the quantum beats, and hence clearly support the claim of the title-the creation of coherent superpositions of three states for phosphorus donors in silicon prepared using THz radiation. The authors introduce their experimental results with a discussion of superposition of three orbital states, and present some calculations of the time--evolution of hydrogenic orbitals. The authors claim that their experimental results could lead to a simplification of existing surface code networks. The manuscript is seriously deficient in its citations of earlier relevant work. The calculations presented in Fig. 1 are also too simplistic to be of more than purely illustrative value. They neglect well--understood semiconductor physics. Both of these deficiencies need to be addressed in the manuscript before it is published.
1. Citations: a. Previous studies of donors in Silicon. By design, and as the authors point out, the experiments are performed in the limit of weak excitation, so that the experimental observations (the frequency of and splitting between the levels of interest) could be predicted based on measurements using a standard spectroscopy technique, Fourier Transform Infrared Spectroscopy (FTIR). The manuscript neglects to reference a very rich history of the study of defects in semiconductors using FTIR in general, and photothermal ionization spectroscopy in particular. Particularly important are the initial report of the Zeeman effect of impurity levels in Silicon by Zwerdling, Button and Lax (Phys. Rev. 118, 975 (1960) ), which were made for the Bi impurity, and a later FTIR study of Phosphorus donors in a magnetic field (Phys. Rev. B 48, 10864 (1993) Fig. 1 are too simplistic to be useful-they don't contribute more than could be understood from a purely conceptual diagram. It would be much more interesting to see calculations in which the wave functions were derived from theory of Kohn and Luttinger (1955) for donors in Silicon. Such calculations would significantly strengthen the case for the potential of orbital control of donors in Silicon to contribute to quantum computing in the way that the authors claim. In addition, in these figures, the neighboring impurities are placed ±2 atomic units away from the central impurity, where atomic units are, I assume, renormalized Bohr radii. This is unphysicalthese impurities will be substitutional, registered with the Silicon lattice. The lattice constant of Silicon needs to be represented somehow. 3. A minor point: why was the magnetic field oriented in the 111 direction? In summary, the manuscript presents interesting measurements that demonstrate, for what I believe is the first time, coherent superposition of three states for phosphorus donors in Silicon prepared using THz radiation. The manuscript also makes the interesting claim that the ability to coherently manipulate orbital states of this impurity with THz radiation may be useful for Silicon--based quantum computing. However, the manuscript neglects citations to important previous work, and the simulations presented are not sufficiently realistic to be compelling. Both of these deficiencies must be corrected before this article is accepted for publication. Mark Sherwin.
Dear Sir/Madam, We thank the referees for their careful reading of our manuscript and their helpful suggestions. We have acted on them, and we think this has resulted in a greatly improved paper.
We list the referees comments and detailed responses below. We hope you find it acceptable, Best regards, Ben Reviewers' comments:
Reviewer #1 (Remarks to the Author):
I have read "Coherent superpositions of three states for phosphorous donors in silicon prepared using THz radiation" and think this is an excellent interesting paper that should be published in Nature Comm.
These authors demonstrate THz laser pulse control of the relative phase and amplitude of multiple orbitals in Si:P and observe beat patterns produced by Zeeman splitting, which they resolve to the high fidelity of up to 95%.
My only negative comment is in the authors discussion of the formalism. They should be more clear about the definitions of t, t_p_ and t_d. In this regard, I think that there are some mistakes in the manuscript and SI, where these times are substituted for each other. In the SI, for instance, the equation of Psi after the line "In the dark after the pulse.." I believe has some mistake where t_d should be t. The authors should check all these symbols for inconstancies.
We accept that this was inconsistent and have corrected that formula and the definitions of symbols t and t_d, new version, Eqn 1&2.
Otherwise I think this is a excellent paper. For the first time control of multiple impurity orbitals has been demonstrated. The physics is clear and (except for the issue discussed above) presented excellently.
Reviewer #2 (Remarks to the Author):
Review of Chick et al.
Chick et al. demonstrate the control of orbital states of donors in silicon. In particular, they show that they are able to achieve significant control of a three state superposition consisting of the 1s and 2p-, 2p+ states. Such control is potentially very important, allowing as it would directional selection of exchange coupling between a pattern of donors. This could, as the authors suggest, form the basis of a possible surface code architecture for quantum computing.
The experimental work is rather challenging, since the orbital transitions of phosphorus in silicon lie in the THz range, and hence the work must be carried out using a Free Electron Laser source (this might be an issue for future quantum computing, but I'm happy to leave that as a future challenge beyond the scope of this paper…).
We I feel this is significant and technically demanding work, which I enjoyed reading, and I would like to move it towards publication in Nature Communications. I do however, have some questions and suggestions which I would like to see addressed before I can make a final recommendation.
My most significant concern is that the authors show data produced using x-polarized pulses alone -and interpret their data as arising from interference between the two circularly polarised field split eigenstates. If this interpretation is correct, then presumably a circularly polarised pulse pair would generate no such interference, and would also allow for more control over the resulting orbital wavefunction. Fig 4) contains a complex background, while the product of the absorption spectrum and the system response spectrum is background free, i.e. it contains just the atomic transition features" 6. Fig. 1 : state time units (presumably ps).
Line 109 -free electron laser (typo).

Agreed L183
Lines 123-124: can the authors clarify their statements about background here? We expanded this remark L202-205: "This is for the simple reason that the product of the transmission spectrum with the system response spectrum (as in
Agreed. The time units were in the caption, but (following the advice of the third referee) the Si:P temporal response, and these times, are now on a new figure 3 "The labelled times td are shown in ps"
7. Fig. 1 : label x,y,z axes on the figures, and include at least one scale in nm. Fig 3) 8. Fig. 2 . include x-axis label on right hand figures.
We have included scale bars on each part of Fig 1 a-d. (and new
We have included labels on the scale bars in each part of Fig 1 a-d. (and the new Fig 3)
Reviewer #3
The authors present experimental measurements of the response of phosphorus donors in Silicon, in a relatively small magnetic field, to a pair of pulses of narrow:band THz radiation created by the Dutch free:electron laser FELIX tuned to a frequency near the 1s:2p+ and 1s:2p: levels of this donor. The magnetic field splits the degeneracy of the 2p+ and 2p: levels, which are degenerate in zero field. As a result, the photoresponse exhibits a splitting in frequency space, and quantum beats in the time domain. The experimental results very clearly demonstrate the splitting and the quantum beats, and hence clearly support the claim of the title-the creation of coherent superpositions of three states for phosphorus donors in silicon prepared using THz radiation.
The authors introduce their experimental results with a discussion of superposition of three orbital states, and present some calculations of the time:evolution of hydrogenic orbitals. The authors claim that their experimental results could lead to a simplification of existing surface code networks. The manuscript is seriously deficient in its citations of earlier relevant work. The calculations presented in Fig. 1 are also too simplistic to be of more than purely illustrative value. They neglect well understood semiconductor physics. Both of these deficiencies need to be addressed in the manuscript before it is published. We accept these criticisms and have improved the manuscript in response to each of the detailed comments below.
Citations: a. Previous studies of donors in Silicon.
By design, and as the authors point out, the experiments are performed in the limit of weak excitation, so that the experimental observations (the frequency of and splitting between the levels of interest) could be predicted based on measurements using a standard spectroscopy technique, Fourier Transform Infrared Spectroscopy (FTIR). The manuscript neglects to reference a very rich history of the study of defects in semiconductors using FTIR in general, and photothermal ionization spectroscopy in particular. Particularly important are the initial report of the Zeeman effect of impurity levels in Silicon by Zwerdling, Button and Lax (Phys. Rev. 118, 975 (1960) ), which were made for the Bi impurity, and a later FTIR study of Phosphorus donors in a magnetic field (Phys. Rev. B 48, 10864 (1993) , and refs. 7 and 8 therein). Agreed. We have included these references in our discussion on LL36-38. (2005)) , the 1st observation of the excitonic Autler:Townes effect. Agreed. We have included these references in our discussion on LL44-47.
c. The paper in general, and the calculations in particular, also neglect the very important and interesting complication that, since Silicon has 6 degenerate valleys, the Hydrogenic theory must be modified, as was originally done by Kohn and Luttinger in 1955 . This is an important distinction to the case of shallow impurities in GaAs, which has only a single valley and for which a Hydrogenic model, with only the effective mass and dielectric constant altered from their vacuum values, reproduce experimental observations extremely accurately, with negligible central cell correction. The Kohn:Luttinger theory also explains why the different species of impurities have different ground state energy levels, which is important to the implementation of surface code as the authors propose. 
Semiconductor physics:
The results of calculations presented in Fig. 1 are too simplistic to be useful-they don't contribute more than could be understood from a purely conceptual diagram. It would be much more interesting to see calculations in which the wave functions were derived from theory of Kohn and Luttinger (1955) for donors in Silicon. Such calculations would significantly strengthen the case for the potential of orbital control of donors in Silicon to contribute to quantum computing in the way that the authors claim. In addition, in these figures, the neighboring impurities are placed ±2 atomic units away from the central impurity, where atomic units are, I assume, renormalized Bohr radii. This is unphysical-these impurities will be substitutional, registered with the Silicon lattice. In summary, the manuscript presents interesting measurements that demonstrate, for what I believe is the first time, coherent superposition of three states for phosphorus donors in Silicon prepared using THz radiation. The manuscript also makes the interesting claim that the ability to coherently manipulate orbital states of this impurity with THz radiation may be useful for Silicon:based quantum computing. However, the manuscript neglects citations to important previous work, and the simulations presented are not sufficiently realistic to be compelling. Both of these deficiencies must be corrected before this article is accepted for publication.
I have read the response of the authors to my first report and I am pleased to see improvements in several respects. The only outstanding issue is that the authors still do not show the multi -pulse control with different polarization, which I do continue to believe would make a powerful addition to the story. It would allow the entire Hilbert space to be accessed using a single protocol type.
However, given the impressive achievements already demonstrated in this paper, in what is a technically demanding experiment, and given that the authors do indeed show polarization control, albeit with a simpler method in a previous paper, I have on balance decided that the paper can be published without further delay.
Reviewer #4 (Remarks to the Author):
I really enjoyed reading the revised paper. In response to my referee report, the authors have done a significant amount of theoretical work to calculate the time -evolution of the wave functions of Si donors using the Kohn-Luttinger theory. In my opinion, these results add a lot to the paper. I also really like the description of how the results of this paper might lead to the implementation of a surface code in a Si-based quantum computer.
My only suggestion is the following: in Fig. 3c , the color scale of the heat map makes it extremely difficult to spot the differences between between wave functions plotted in a given row. I would recommend changing the color scale to make the differences more clear (perhaps a logarithmic color scale? I leave it to the authors).
I presume that the reason the contrast is reduced in Fig. 3c compared with Fig. 1 is the smaller value of alpha. I would recommend adding a clause to that effect near lines 153 -156.
I recommend publication in Nature C ommunications with these mino r optional revisions.
Response to referees REVIEWERS' COMMENTS:
• I have read the response of the authors to my first report and I am pleased to see improvements in several respects. The only outstanding issue is that the authors still do not show the multi-pulse control with different polarization, which I do continue to believe would make a powerful addition to the story. It would allow the entire Hilbert space to be accessed using a single protocol type.
• However, given the impressive achievements already demonstrated in this paper, in what is a technically demanding experiment, and given that the authors do indeed show polarization control, albeit with a simpler method in a previous paper, I have on balance decided that the paper can be published without further delay.
We acknowledge that the reviewer is enthusiastic for the story to be complete, and are grateful that they consider the manuscript to be suitable in its current form.
• My only suggestion is the following: in Fig. 3c , the color scale of the heat map makes it extremely difficult to spot the differences between between wave functions plotted in a given row. I would recommend changing the color scale to make the differences more clear (perhaps a logarithmic color scale? I leave it to the authors).
We have carefully considered this suggestion, and concluded that a linear colourbar is a more intuitive way of communicating the wavefunction's shape. The scale of the changes are indeed smaller in Fig 3(c) than Fig 1, and we believe that this is an important aspect to communicate visually. We have extended the discussion a little to explain this (see next comment).
We also acknowledge that part of the reason these variations were hard to spot was due to an error on the part of the authors: one of the tiles was omitted, and a copy of the previous timestep inserted in its place. This error has been corrected and the other figures checked again, and we are grateful to the reviewers for drawing our attention back to the figure.
• I presume that the reason the contrast is reduced in Fig. 3c compared with Fig. 1 is the smaller value of alpha. I would recommend adding a clause to that effect near lines 153-156.
The difference in contrast is due to the central cell correction, which makes the ground state smaller compared to the excited state, and thus reduces the obviousness of this effect in the picture. We have added a sentence to that effect on lines 179-180.
